A comprehensive study on characterization and genetic diversity analysis was carried out in 16 'Ogura'-based 'CMS' lines of cabbage using 14 agro-morphological traits and 29 SSR markers. Agro-morphological characterization depicted considerable variations for different horticultural traits studied. The genotype, ZHA-2, performed better for most of the economically important quantitative traits. Further, gross head weight (0.76), head length (0.60) and head width (0.83) revealed significant positive correlation with net head weight. Dendrogram based on 10 quantitative traits exhibited considerable diversity among different CMS lines and principle component analysis (PCA) indicated that net and gross head weight, and head length and width are the main components of divergence between 16 CMS lines of cabbage. In molecular study, a total of 58 alleles were amplified by 29 SSR primers, averaging to 2.0 alleles in each locus. High mean values of Shannon's Information index (0.62), expected (0.45) and observed (0.32) heterozygosity and polymorphic information content (0.35) depicted substantial polymorphism. Dendrogram based on Jaccard's similarity coefficient constructed two major groups and eight sub-groups, which revealed substantial diversity among different CMS lines. In overall, based on agro-morphological and molecular studies genotype RRMA, ZHA-2 and RCA were found most divergent. Hence, they have immense potential in future breeding programs for the high-yielding hybrid development in cabbage.
Introduction
Cabbage (Brassica oleracea L. var. capitata) is one of the most important cole vegetable crops grown worldwide under temperate to sub-tropical climatic conditions (Singh et al. 2013) . Today, most of the cabbage genotypes grown in the world are hybrids and they are expected to form heads as early as possible along with higher yield (Cervenski et al. 2012) . In India, majority of the vegetable hybrids are sold by private sector at exorbitant price (Koundinya and Kumar 2014) . Hence, there is an urgent need to make available high-yielding quality hybrid seeds from public sector to the farming community at reasonable price to keep the farming profitable and competitive. For successful F 1 hybrid breeding in cabbage, an efficient, economic, reliable and stable method of hybrid seed production without adulteration of self-fertilized seeds from each parent is needed. Because of the small size and structure of flowers, it is very difficult to produce hybrid seeds through manual emasculation and pollination techniques in cabbage (Yamagishi and Bhat 2014) . The self-incompatibility (SI) system as reviewed by Kitashiba and Nasrallah (2014) is effective in hybrid breeding of Brassica vegetables. However, SI system is not always stable, and may be broken down by elevated temperature or drought conditions. This insist on finding out the more effective and reliable system of economic hybrid seed production in Brassica vegetables.
Cytoplasmic male sterility (CMS) is an important mechanism, which is stable and widely applicable to F 1 hybrid seed production in all Brassicaceae crops (Yamagishi and Bhat 2014) . In CMS genotypes, pollen production is 1 3 27 Page 2 of 11 inhibited, whereas pistil functions normally. CMS is controlled by a gene located in the mitochondrial genome. The nuclear genome of brassica vegetables which lacks fertility restorer gene (Rf) and CMS-inducing mitochondrial gene leads to nuclear-cytoplasmic incompatibility which results in production of CMS plants. There are several sources of the CMS cytoplasm in brassica species viz, ogura, kosena, polima, hau, nap, Diplotaxis muralis, Diplotaxis catholica, B. tournefortii, etc., but 'Ogura' cytoplasm is the only source which is widely used in Brassica vegetables. Ogura CMS system was discovered in Japanese radish (Raphanus sativus) of an unknown cultivar by Ogura (1968) . Later on, European scientists introduced Ogura CMS into Brassica oleracea by inter-generic hybridization and repeated backcrossing (Bannerot et al. 1974 ). Since then, Ogura'-based CMS lines are worldwide used for hybrid seed production in Brassica vegetables.
The estimates of genetic diversity are useful for germplasm characterization and help to identify suitable parents for hybrid breeding in cabbage. The parental lines with sufficient diversity/polymorphism are selected based on degree of genetic diversity (Louarn et al. 2007) , which can be evaluated with the help of agro-morphological traits and biochemical markers. In any plant breeding program, agromorphological traits have immense value for the selection of parents with maximum variation . Nowadays, molecular markers are considered valuable than agromorphological traits as these are devoid from the perplexing effect of environment (Pejic et al. 1998 ). Hence, markerassisted breeding aids in the selection of breeding material in conventional breeding programs (Frey et al. 2004; Liu et al. 2004) . In recent years, simple sequence repeats (SSRs) have become excellent tool for the plant breeders. These markers are highly valuable due to high reproducibility, polymorphism, co-dominance and transferability in allied plant species and genera (Rana et al. 2015) . They also resolve the variations that are caused due to widespread crossing and phenotypic plasticity imposed by environmental fluctuations (Nybom and Weising 2010) . Therefore, present investigation was aimed to characterize and estimate the extent of diversity in 'Ogura'-based CMS lines of cabbage using agromorphological traits and SSR markers for the selection of diverse and superior parental lines for high-yielding quality hybrid development in cabbage.
Materials and methods

Experimental material and site
The present investigation was conducted at Experimental Research Farm and Molecular Laboratory of ICAR-IARI Regional Station, Katrain, Kullu, HP, India, during the year 2015 and 2016. The experimental material for present study comprised of 16 CMS lines developed by the introgression of 'Ogura' cytoplasm from a CMS source line 'EC-173419' of Brassica oleracea L. (received from ICAR-NBPGR, New Delhi) into different nuclear backgrounds of cabbage through repeated backcrossing for more than six generations. For agro-morphological characterization, seeds of all the genotypes were sown in the well-prepared nursery beds during August 2015 and 2016. After 30 days, seedlings were transplanted in the experimental field in Randomized Complete Block design (RCBD) at a spacing of 45 cm × 45 cm in the plots having size 3.0 m × 3.0 m during, September 2015 and 2016 and replicated thrice. Data were recorded on different qualitative and quantitative traits periodically from arbitrarily selected 10 plants from all replications. All the standard cultural practices as necessary for raising healthy crop stand of cabbage have been followed according to ICAR-IARI, Regional Station guidelines (Sharma 2003) .
Isolation, purification and quantification of genomic DNA
For molecular characterization, seeds of each genotype were sown in pro-trays during July 2016 and were kept in the polyhouse for further vegetative growth. Isolation and purification of genomic DNA was done from 100 mg fresh green leaves of 30-day-old seedlings of each cabbage genotype using CTAB (cetyltrimethyl ammonium bromide) methodology given by Doyle and Doyle (1990) . For DNA quantification, 2 µl of each DNA sample along with the uncut lambda DNA (100 ng/µl) was run on 0.8 per cent agarose gel (Sigma-Aldrich, USA). Dilution of samples (25-50 ng DNA/µl) was done in Tris-EDTA buffer and then they were stored at − 80 °C for further analyses.
SSR markers and PCR amplification
A total of 106 primer pairs (Integrated DNA technologies, New Delhi, India) were tested for molecular diversity analysis in 16 'Ogura'-based cytoplasmic male-sterile (CMS) lines of cabbage. Out of which only 29 primer pairs showed polymorphic bands in the different lines under study (Table 1) . PCR amplification was performed using Eppendorf Mastercycler Nexus GSX1 in 10 μl reaction volume comprising: 5.00 µl premixed ready to use Go Taq ® green master mix [DNA polymerase, 2× reaction buffer (pH 8.5), dATP (400 µM), dGTP (400 µM), dCTP (400 µM), dTTP (400 µM) and MgCl 2 (3 mM)], primer pair (1.00 µl), template DNA (1.00 µl) and nuclease free water (3.00 µl). DNA amplification was carried out for 35 cycles with denaturation at 94 °C (1 min), annealing at 55 °C (1 min) and extension at 72 °C (2 min). The final extension was done at a temperature of 72 °C for 10 min. 
Electrophoresis and gel documentation of amplified DNA
The amplified DNA products along with 1-kb DNA ladder (Fermentas, Lithuania) were separated by electrophoresis in agarose gel (2%) having ethidium bromide (10 mg/µl). The gel was run at 70 mA voltage for 2 h in 1× TBE buffer (pH 8.0) and it was picturized on a gel documentation system (BioSpectrum ® Imaging System™, UK).
Statistical analysis
Agro-morphological data (pooled data of 2015 and 2016) were subjected to analysis of variance in OPSTAT software by following Gomez and Gomez (1984) . The Pearson's correlation coefficient, principle component analysis (PCA) and dendrogram based on single-linkage euclidean distance were calculated and constructed through SPSS 16.0 and Statistica software packages. Molecular data were analyzed only for 29 primers, which furnished scorable and polymorphic bands. Various genetic diversity estimates such as observed number of alleles (n a ), effective number of alleles (n e ), expected heterozygosity (H e ), observed heterozygosity (H o ) and Shannon information index (I) were estimated through POPGENE software (version 1.32) by following Yeh et al. (1997) . The polymorphism information content (PIC) was computed through Cervus version 3.0 software as per the formulae given by Botstein et al. (1980) . UPGMA (unweighted pair group method of arithmetic mean) dendrogram based on principle component analysis was constructed using NTSYSpc 2.0 (Rohlf 1998) software.
Results and discussion
Agro-morphological traits
Qualitatively assessed traits Substantial variations were observed for different qualitative traits under study (Table 2) . Head color was recorded as purple, light purple, reddish purple, green, dark green and purple green in four, three, one, six, one and one genotypes, respectively. Head compactness varied from compact in 15 genotypes to very compact in only 1 genotype, i.e., RCA. Among all the genotypes, eight, seven and one genotype had round, flat and oval shape heads, respectively. Further, leaf waxiness varied from highly waxy to medium waxy to less waxy in four, eight, and four genotypes, respectively. Hence, considerable variations observed for different qualitative traits in the available germplasm offer the chance for selection of suitable parental lines for quality hybrid development in cabbage. Earlier workers (Balkaya et al. 2005; Mohamed et al. 2012; Kibar et al. 2016) had correspondingly recorded wide variations in leaf color and head shape in cabbage.
Quantitatively measured traits
The perusal of pooled data (2015 and 2016) in Table 2 (Table 3) . Singh et al. (2010) and Kibar et al. (2014) had also reported significant positive association of head weight with plant height and head diameter with head length in cabbage. Significant negative correlation of plant height (−0.54) and plant spread (−0.84) was recorded with harvest index in 16 CMS lines of cabbage. Negative correlation of plant height with harvest index in cabbage was also reported earlier by Singh et al. (2010) , but results were found non-significant. Principle component analysis (PCA) is used to detect more showed the lowest contribution to the divergence. Further, loading of different traits based on first two principle components indicates that net head weight, gross head weight, head length and head width are the main components of divergence between 16 CMS lines of cabbage, whereas contribution of rest of traits under study was found comparatively less in divergence (Fig. 1) . Hence, main emphasis should be given on the net head weight, gross head weight, head length and head width for yield improvement in cabbage. In a study on PCA for 15 agro-morphological traits in cabbage, Cervenski et al. (2011) found that first three principal components having eigen values greater than one revealed 99.99% of total variations among the cabbage cultivars for different traits under study. While, Kibar et al. (2016) observed 45.34% of total variations explained by first three principle components in different genotypes of cabbage.
Dendrogram constructed using single-linkage euclidean distance based on 10 agro-morphological traits divided the 16 CMS lines of cabbage into two distinct groups viz., A and B (Fig. 2) . Group A was further bifurcated into two subgroups viz, A 1 and A 2 . Further, A 1 was alienated into two sub-groups (A 1a and A 1b ). A 1a comprised of six genotypes viz, RCA, 60-1A, 924A, 3-1A, 1-1A and 2-1A, while A 1b accommodated eight genotypes viz, PMA, CH2A, ZHA-3, ZHA-1, RZA, KRA, 836A and RCGA. On the other hand, sub-group A 2 and group B, each consisted of single genotype RRMA and ZHA-2, respectively. It means that these are the most distant lines among all the genotypes studied. Hence, these novel genotypes can be used as female parent for making superior heterotic crosses with the maintainer lines of CMS genotypes of other groups (A 1a and A 1b ) in cabbage. Cervenski et al. (2010) and Kibar et al. (2016) had also used hierarchical method of clustering to discriminate different cultivars of cabbage.
SSR polymorphism and diversity analysis
In this study, 106 primer pairs were tested to estimate molecular diversity in 16 CMS lines of cabbage. Out of them, only 29 primer pairs showed reproducible and polymorphic bands and were selected for further studies (Table 1) . The 29 SSR primers were found highly polymorphic and useful to differentiate different genotypes under study (Fig. 3) . Raybould et al. (1999) and Louarn et al. (2007) had also revealed the usefulness of microsatellite markers to distinguish different genotypes of cabbage. In overall, 58 alleles were amplified through 29 SSR primers, averaging to two alleles in each locus. This average value agrees with the Cui et al. (2008) for Brassica rapa (2.91) suggesting appreciable allelic frequency among the genotypes studied, but reasonably lower than that as reported by Mohamed et al. (2016) in different Brassica species (3.92). This might be due to the use of genotypes belonging to single species. All the SSR markers were able to amplify only two alleles per locus among the tested genotypes. The maximum value (0.69) of Shannon's Information Index (I) was exhibited by total 10 primers, while it was observed minimum (0.41) in two primers viz, BoGMS1460 and BoSF1167. In our study, mean value of 'I' was recorded as 0.62, which is greater than as observed earlier by Paulauskas et al. (2013) in Brassica napus (0.12). The expected heterozygosity (0.45) had higher mean values than observed heterozygosity (0.32). Prajapat et al. (2014) had also observed higher mean values of expected heterozygosity (0.56) than observed heterozygosity (0.30). Highest (0.75) observed heterozygosity (H o ) was reported in the primer BoSF062, while lowest value (0.00) was recorded for three SSR primers viz. BoE862, BoSF1640 and BoGMS0206. The mean value of observed heterozygosity in this study was found greater than earlier reports by Pascher et al. (2010) in commercial varieties of Brassica napus (0.23) and Prajapat et al. (2014) in different Brassica species (0.30). In the meanwhile, expected heterozygosity (H e ) was recorded maximum (0.57) and minimum (0.25) with the primer pairs BoSF1640 and BoGMS1460, respectively. In line with our study, Ofori and Becker (2008) had also reported similar mean value of expected heterozygosity in different cultivars of Brassica rapa. Polymorphic information content (PIC) was used to estimate allelic frequency and diversity among different CMS lines of cabbage (Table 5) . PIC with a population mean of 0.34 was recorded highest in total six primers (0.38) and lowest value (0.22) was observed for the primers 
Cluster and principal component analysis
Dendrogram constructed through Jaccard's similarity coefficient and UPGMA method exhibited the similarity coefficient of 0.51 and allocated the 16 CMS lines of cabbage into two major groups, i.e., A and B (Fig. 4) . Group A was further divided into two sub-groups viz, A 1 and A 2 . Further, A 1 was bifurcated into two sub-groups viz, A 1a (ZHA-3 and CH2A) and A 1b (ZHA-1 and ZHA-2) and A 2 was also alienated into two sub-groups viz, A 2a (PMA and RRMA) and A 2b (KRA). Group B was also divided into two sub-groups viz, B 1 and B 2 . Further, B 1 was bifurcated into two groups viz, B 1a (3-1A) and B 1b (1-1A, 2-1A, 924A, 6A and 836A). The sub-group B 2 was also alienated into two sub-groups viz, B 2a (RZA and RCGA) and B 2b (RCA). Here in this study, sub-group B 2b comprised of a single genotype, i.e. RCA with least similarity coefficient of 0.58, designating this to be most distant line among all the genotypes studied. This elite genotype can be used as female parent for making superior heterotic crosses with the maintainers of CMS genotypes of other groups. In the present studies, two genotypes of group B 1b viz, 2-1A and 924A due to highest similarity index (0.85) were found genetically most identical among all the tested CMS lines of cabbage. Hence, 
Conclusion
The experimental results on morphogenetic characterization and diversity analysis conclude that 16 CMS lines of cabbage have appreciable genetic variations. Based on agromorphological and molecular studies, the genotype RRMA, ZHA-2 and RCA were found most distinct and divergent. Hence, these genotypes have immense potential in future breeding programs for the development of high-yielding economic hybrids. The estimates of Pearson's correlation coefficient and PCA studies revealed that main emphasis should be given on gross head weight, head length and head width for yield improvement in different CMS lines of cabbage. Further, 29 SSR loci recorded high polymorphism and were found effective for differentiating different CMS lines under study. Hence, SSR markers can be utilized for germplasm characterization and association mapping for future breeding programs in 'Ogura'-based CMS lines of cabbage. 
